Both genetic and environmental influences contribute to the wide variation in plasma von Willebrand factor (VWF) levels observed in humans. Inbred mouse strains also have highly variable plasma VWF levels, providing a convenient model in which to study genetic modifiers of VWF. Previously, we identified a major modifier of VWF levels in the mouse (Mvwf1) as a regulatory mutation in murine Galgt2. We now report the identification of an additional murine VWF modifier 
Introduction
von Willebrand factor (VWF), a central component of the blood coagulation system, is secreted from the vascular endothelium to generate the circulating plasma pool of multimeric VWF. Plasma VWF serves to mediate platelet adhesion to the vascular endothelium after injury and also acts as a carrier protein for circulating factor VIII. Significant qualitative or quantitative deficiencies in VWF result in von Willebrand disease (VWD), the most common inherited bleeding disorder in humans. 1 Estimates of VWD prevalence have ranged as high as 1%, 2, 3 although these numbers and the precise criteria for diagnosis remain controversial. 4 Both the wide distribution of VWF levels observed in the general population (between 50% and 200% of the population mean) and the reduced penetrance and variable expressivity associated with type 1 VWD can contribute to diagnostic difficulties. 1 Type 1 VWD is characterized by a mild bleeding phenotype that results from a mild to moderate reduction of plasma VWF (20%-50% of the population mean). More than 70% of VWD cases are considered type 1, whereas qualitative defects (type 2) and severe quantitative defects (type 3) account for the remaining cases. In contrast to the bleeding associated with low VWF levels, elevated factor VIII levels, caused at least in part by associated high VWF, have been recently identified as a major risk factor for thrombosis. 5 Previous efforts to define the determinants of plasma VWF level variability in humans have identified both environmental and genetic factors. Age, stress, exercise, pregnancy, and hormonal changes are among some of the environmental factors known to alter VWF levels. 6 Heritability estimates from twin studies suggest that the majority of VWF variation (66%-75%) is genetically determined, 7, 8 although the responsible genes are not well defined. 6 The primary genetic modifier of plasma VWF levels in humans identified to date is ABO blood group, although it only accounts for approximately 30% of the genetically determined VWF level variation. 7 Sequence differences within or around the VWF gene may also be important determinants of total plasma VWF. Causative mutations within VWF are well documented in type 2 and type 3 VWD, 1 although the correlation between VWF mutations and type 1 VWD is less complete. 9, 10 The degree to which VWF polymorphisms contribute to variation within the general population is unclear, because published linkage and association studies comparing VWF genotype and plasma protein levels have been inconsistent. 11, 12 As observed in humans, plasma VWF levels within inbred mouse strains are also highly variable, and VWF levels between strains may differ by as much as 20-fold. 13 We previously used this wide variation to identify a genetic determinant of plasma VWF level in the laboratory mouse. Analysis of the RIIIS/J strain, originally reported as a mouse model for type 1 VWD, identified the first murine genetic modifier of plasma VWF (termed Mvwf1 for Modifier of von Willebrand factor 1) as a regulatory mutation in the Galgt2 gene. 14 We have now extended our analysis to identify additional genetic factors controlling plasma VWF levels in the mouse. Using an (A/J ϫ CASA/RkJ) F2 population, we have mapped a second candidate modifier (Mvwf2) to murine chromosome 6. We also show that Mvwf2 is a CASA/RkJ-specific sequence variant within the murine VWF gene (Vwf), resulting in enhanced VWF biosynthesis and/or secretion.
Materials and methods

Mice
With the exception of DDK, all inbred mouse strains were obtained from The Jackson Laboratory (Bar Harbor, ME). DDK mice were the generous gift of C. Sapienza, Temple University. F1 animals in Figure 1 were generated by intercrossing the parental strains. For the (A/J ϫ CASA/RkJ) F2 population, F1 animals were generated by breeding CASA/RkJ males to A/J females, and F2 animals were obtained by intercrossing F1 animals. Mice were housed at The University of Michigan, supervised by the Unit for Laboratory Animal Medicine. All study protocols were approved by the University Committee on Use and Care of Animals (UCUCA) at the University of Michigan.
Bleeding
Blood samples were obtained by retroorbital bleeds into heparinized capillary tubes (Fisher, Hampton, NH) and/or terminal inferior vena cava (IVC) blood draw into 0.5M EDTA, pH 8.0 (2.5% by volume). Mice were anesthetized using methoxyflurane (Metophane; Schering-Plough, Kenilworth, NJ), isoflurane (Aerrane; Baxter, Deerfield, IL), or isoflurane followed by pentobarbital (Abbott Laboratories, Abbott Park, IL). For the pure strain survey (Figure 1 ), 2 to 3 retroorbital bleeds on each of 3 to 6 mice were obtained. For the parental strains and (A/J ϫ CASA/RkJ) F1 mice ( Figure 2 ), 1 to 3 bleeds (both retroorbital and IVC) were performed on each of 8 to 13 mice between 1.5 and 8 months of age. Blood samples from mice in the (A/J ϫ CASA/RkJ) F2 population ( Figure 2 ) included 3 retroorbital bleeds and 1 IVC bleed, all taken between weaning (3 weeks) and 6 months of age, with at least 1 week between bleeds. Three exceptions to this were 1 IVC bleed taken 2 days after the third bleed in 1 animal and 2 others in which terminal IVC bleeds were not assayed. In the F2 population, the mean age at the terminal IVC bleed was 2.5 months (range, 1.5-6 months). Platelet-poor plasma samples were prepared by centrifugation of whole blood (ϳ 2300g for 10 minutes) and stored at Ϫ80°C until use.
Determination of VWF levels
Plasma VWF was measured by enzyme-linked immunosorbent assay (ELISA) as previously described. 13 Pooled C57BL/6J plasma (5-14 mice per standard) was used to generate a standard curve, and each new pooled standard was sequentially normalized to previous standards for consistency. VWF levels for each individual mouse were determined by the mean ELISA value from all plasma samples obtained. VWF levels for the pure strains and F1 populations represent the mean ELISA value of mice within the subgroups, equally weighted for male and female contributions. All VWF levels are expressed as a percentage of the mean parental CASA/RkJ value (arbitrarily defined as 100%). Subsequent reanalysis and a correction in the formula used to calculate VWF values caused a subtle shift in the F2 VWF distribution between the time of DNA pooling (see "Pooled genome scans") and final analysis. As a result, individual mice initially assigned to the high and low pools would have each changed by a single mouse. All pooled genotype data are representative of the original pools, prior to the VWF level correction. A similar shift also results in small differences between the VWF levels in the strain survey ( Figure 1 ) and the A/J, CASA/RkJ, and F1 values shown in Figure 2 .
Pooled genome scans
For the (A/J ϫ CASA/RkJ) F2 population, DNA was prepared from liver tissue using phenol/chloroform extraction, and samples from the upper and lower 5% of the VWF distribution (10 mice for each pool) were combined in equal proportions to form the high and the low pools, respectively (50 ng/L) ( Figure 2) . A pooled genome scan was performed as previously described, 13, 15 and a panel of 45 polymorphic microsatellite markers (Table  S1 , available on the Blood website; see the Supplemental Tables link at the top of the online article) was used to cover the genome at an average interval of 31 cM. 16 Markers with suggestive linkage were confirmed by genotyping individuals within the pools, followed by the total F2 population (n ϭ 200).
Vwf sequencing
Vwf cDNA fragments from each mouse strain (A/J, CASA/RkJ, and F1) were amplified by reverse transcription-polymerase chain reaction (RT-PCR) from total lung RNA prepared with TRIzol reagent (Invitrogen, Carlsbad, CA) and sequenced at The University of Michigan sequencing core. Following completion of the Vwf sequence, primers were developed (nos. 1-14; Table S2 ) to amplify the full-length cDNA in 4 fragments. Initial amplification was performed using the Superscript One-Step RT-PCR system (Invitrogen) (50 ng lung RNA ϩ 0.5 L RNAse inhibitor [Roche, Indianapolis, IN] in 50-L reactions: 50°C for 30 minutes; 94°C for 2 minutes; 35 cycles of 94°C for 20 seconds, 55°C for 30 seconds, 72°C for 2 minutes; 72°C for 10 minutes). The extension cycles were repeated with Pfu Hotstart (Stratagene, La Jolla, CA) and nested primers as noted (Table S2) .
For identification of 5Ј and 3Ј UTR sequences, 5Ј and 3Ј rapid amplifications of cDNA ends (RACEs) were performed using total lung RNA from A/J, CASA/RkJ, and F1 animals. The 5Ј UTR was determined by using the RLM-RACE kit (Ambion, Austin, TX) and Vwf gene-specific primers nos. 15, 16 (Table S2 ). The 3Ј UTR was determined by using the 3Ј/5Ј RACE kit (Roche) and gene-specific primer no. 17 (Table S2) as per the manufacturer's instructions.
Portions of several introns (3, 12, 13, 21, 50, 51, as well as ϳ 500 base pair [bp] of downstream genomic sequence and ϳ 450 bp of upstream genomic sequence) were also sequenced using total genomic DNA (gDNA: A/J, CASA/RkJ, and F1 animals). A list of intronic primers is included (Table S3) .
Vwf mRNA expression analysis
Initial analysis of allele-specific expression was determined by the quantification of sequencing chromatogram peaks using PolyPhred (University of Washington, Seattle, WA). Exon 11 was amplified using F1 gDNA and mRNA (primer nos. 18-21; Table S2), and peak area ratios (CASA/RkJ:A/J) were determined for SNPs ϩ1188, ϩ1236, and ϩ1264.
Relative levels of mRNA expression from the A/J and CASA/RkJ alleles were also determined by comparing the ratio of F1 gDNA with F1 mRNA in a primer extension assay using fluorescently labeled extension primers as previously described. 17, 18 Briefly, fragments of exons 7 and 48 were amplified from gDNA and mRNA using the One-Step RT-PCR kit (Roche) and primers no. 22 to 23 and no. 26 to 27 (Table S2) . Additional primers were designed to amplify across introns for detection of RNA contamination in the gDNA (primer nos. 24, 28) . A T/C SNP (ϩ774) in exon 7 and a G/A SNP (ϩ7970) in exon 49 were subjected to primer extension using the Cy-5-labeled primers no. 25 and no. 29 (Table S2) , respectively, (MWG Biotech, High Point, NC) in the presence of a nucleotide mix containing ddATP.
Generation of Vwf cDNA expression constructs and mutants
Vwf fragments 1 through 4 were amplified from lung RNA using RT-PCR (see "Vwf sequencing") and assembled to form strain-specific full-length expression constructs ( Figure 6A ). The first fragment was flanked by NotI and EcoRI sites, the second by EcoRI and NheI sites, the third by NheI and SphI sites, and the fourth by SphI and XbaI sites. Three different vectors (pCR4Blunt-Topo [Invitrogen], pBluescript II SK vector [Stratagene] , and pcDNA3.1ϩ [Invitrogen]) were used for cloning and assembly, the latter 2 with a modified multiple cloning site. An adaptor, designated "A" (primers nos. 30, 31; Table S2 ), was synthesized and introduced into pBluescript cut with XbaI and DraII, and pcDNA3.1 cut with NheI and DraII to form "pBlueA" and "pcDNA3.1A," respectively. The pcDNA3.1A vector was further modified with the "ϩ" adaptor (primers nos. 32, 33; Table S2 ) to introduce a Myc-tag at the C-terminus of VWF via XbaI and DraII digestion. This "pcDNA3.1Aϩ" construct was used for all transfection analyses.
Site-directed mutagenesis was used both to introduce the A/J 3Ј SNP into the full-length constructs (Gene Editor mutagenesis kit; [Promega, Madison, WI]; and primer no. 34; Table S2 ) and to alter the nucleotide sequence conferring the ϩ122 amino acid change (QuickChangeII SiteDirected Mutagenesis Kit [Stratagene]; and primers nos. 35-38; Table S2 ). Other plasmid modifications were introduced by mixing restrictiondigested fragments between the strain-specific plasmids. EcoRI/NotI digestions were used to create multiple combinations of the 5Ј and 3Ј variable regions, and a BamHI digestion enabled recombination within the 5Ј variable region. Plasmid sequences were verified prior to transfections.
Vwf transfections and protein analysis
One Shot TOP10 Escherichia coli (Invitrogen) containing the transfection constructs were grown overnight in LB medium at 37°C and purified using the Hi-Speed Maxiprep kit (Qiagen, Valencia, CA). DNA was quantified using either a spectrophotometer (DU530; Beckman Coulter, Fullerton, CA) or the PicoGreen dsDNA quantification kit (Invitrogen) and a fluorometer (Wallac Victor2; Perkin-Elmer, Wellesley, MA). COS-1 and HEK-293T cells were grown in Dulbecco Modified Eagle Medium, ϩ 5% fetal bovine serum, and 1 ϫ penicillin-streptomycin-glutamine (Gibco, Carlsbad, CA). Cells were maintained at 37°C in 5% CO 2 .
Transfection experiments were conducted using COS-1 cells in 96-well plates or HEK-293T cells in 10-cm plates. For 96-well transfections, confluent plates (10 cm) were split 1:7 and transfected 12 hours later using Fugene6 (Roche) as per the manufacturer's instructions. Vwf cDNA constructs were transfected in replicates (5-6 wells/construct), using 50 ng plasmid DNA in each well. Media samples were collected at 48 hours after transfection, diluted 1:16 in 1% BSA/PBS, and assayed by VWF ELISA.
Western blots were performed on conditioned media from transfection experiments. Samples were separated under denaturing conditions on a 4% to 12% Tris-Glycine gel (Invitrogen) and assayed as previously described, 19 using either a rabbit anti-human VWF polyclonal antibody (Dako, Glostrup, Denmark) or a c-Myc rabbit polyclonal IgG antibody (Santa Cruz Biotechnology, Santa Cruz, CA) as the primary antibody. Immunogenicity of the 2 antibodies was compared using quantitative densitometry (ImageQuant software; Molecular Dynamics, Sunnyvale, CA).
Statistical analyses
Suggestive linkage in the pooled genome scan was determined by visual assessment of parental allele distribution in the high and low pools following gel electrophoresis. Suggestive markers were analyzed for significance by performing a chi-square statistic on the distribution of individual genotypes in the pools when compared with the Mendelian distribution of an unlinked marker (25% A/J homozygotes, 25% CASA/RkJ homozygotes, 50% heterozygotes). Significance at the population level was determined by analysis of variance, considering VWF levels in each of the 3 genotype classes (A/J homozygotes, heterozygotes and CASA/RkJ homozygotes). All measures of significance in the genome scan were adjusted for multiple observations using a Bonferroni correction. Potential differences in Vwf expression and transfection experiments were assayed for significance by 2-tailed t tests (2 sample, assuming equal variances).
For measures of in vivo VWF variance, the natural log (ln) of the VWF values was considered to correct for a slight skewing of the data. Analysis of variance was performed to assess the ELISA assay variance (variation in replicate measurements on the same plasma sample), environmental variance (variation among replicate measurements taken on the same animal), genetic variance (variation among animals), and total F2 population variance. Heritability was estimated by comparing genetic variance with total F2 population variance after correcting for assay variance. Assay variance was determined to be approximately 6% of total variance.
Results
(A/J ؋ CASA/RkJ) F2 VWF levels are independent of Mvwf1 and highly heritable
To eliminate the RIIIS/J-dependent Mvwf1 effect when searching for additional novel VWF modifiers, we first surveyed several inbred strains for both plasma VWF level and Mvwf1 phenotype. The A/J strain was identified as a strain with low VWF levels that were independent of the Mvwf1 allele (Figure 1 ). 14 When A/J mice were crossed with CASA/RkJ mice (high VWF), VWF levels in F1 animals were unlike either parent strain, additionally suggesting that VWF level regulation in these strains is not under the control of one dominant modifier analogous to Mvwf1.
(A/J ϫ CASA/RkJ) F1 mice were intercrossed to generate 200 F2 progeny for further analysis. As depicted in Figure 2 , a wide distribution of VWF levels was observed in the F2 population, with individual values ranging from 11% to 83% of CASA/RkJ levels. Reassessment of A/J, CASA/RkJ, and (A/J ϫ CASA/RkJ) F1 VWF levels found A/J mice to average approximately 12% of CASA/RkJ and F1 animals approximately 36% of CASA/ RkJ. Heritability of VWF levels in the (A/J ϫ CASA/RkJ) F2 population was determined to be approximately 65%.
Although age has been positively associated with plasma VWF level increases in humans, 6 the F2 population examined did not demonstrate elevated VWF levels over time, and no significant difference in population averages was noted among bleeds (population averages: bleed no. 1 ϭ 41.6%; no. 2 ϭ 37.7%; no. 3 ϭ 38.4%; no. 4 ϭ 39.0; P Ͼ .08).
Mvwf2 maps to the Vwf locus itself
To identify genes important for the regulation of plasma VWF levels within the (A/J ϫ CASA/RkJ) F2 population, we conducted a genome scan comparing pooled DNA samples from opposite ends of the F2 VWF distribution curve (Figure 2 ). Of the 45 polymorphic markers used to identify linkage, 80% of the genotyping reactions resulted in well-defined bands that were subsequently assessed by visual gel analysis. Enrichment of the A/J (low VWF) alleles in the low pool and CASA/RkJ (high VWF) alleles in the high pool suggests linkage between the corresponding polymorphic markers and the VWF phenotype. Within the pooled DNA samples, unequal allelic distribution was noted in 5 genotyping reactions, Figure 1 . Plasma VWF levels in selected inbred strains and CASA/RkJ intercrossed animals. VWF levels were calculated as a percentage of the CASA/ RkJ strain, which is arbitrarily defined as 100%. The RIIIS/J, SWR/J, and DDK strains all share the low Mvwf1 allele (Galgt2 mutation). 14 Average VWF levels for each pure strain (Ⅺ and f) as well as F1 animals resulting from CASA/RkJ intercrosses (u) are shown (Ϯ SD, standard deviation).
BLOOD, 1 NOVEMBER 2006 ⅐ VOLUME 108, NUMBER 9 For personal use only. on April 16, 2017 . by guest www.bloodjournal.org From suggesting possible linkage (Figure 3) . None of the markers mapped to the previously described murine modifier, Mvwf1 (chromosome 11). Further genotyping of the individual mice comprising the high and low pools was consistent with statistically significant linkage at only D6Mit12 (P Ͻ .002) (Figure 3 ). Linkage at the 4 other loci (D3Mit219, D4Mit204, D9Mit67, and D18Mit14) was not significant after correcting for multiple observations (P Ͼ .9, P Ͼ .06, P Ͼ .4, and P Ͼ .9, respectively). When the entire F2 population was examined, highly significant linkage at D6Mit12 was confirmed (P Ͻ .001), with approximately 25% of the genetic variance within the (A/J ϫ CASA/RkJ) F2 population attributable to D6Mit12 genotype (Figure 4) . We termed this locus Mvwf2. D6Mit12 is located at 59.6 cM, only 1.2 cM from the Vwf gene, suggesting a mutation within the Vwf gene as the molecular mechanism underlying Mvwf2.
Twenty Vwf cDNA single nucleotide variants (SNPs) distinguish the CASA/RkJ and A/J alleles
To identify potential causative mutations in murine Vwf, we sequenced the full-length cDNA in the A/J and CASA/RkJ strains (GenBank accession nos. DQ355287 [A/J]; DQ355288 [CASA/ RkJ]). 5Ј RACE identified a similar major transcriptional start as predicted by Guan et al, 20 with the addition of a single upstream adenine. The presence of one or more additional weak transcription start site(s) cannot be excluded.
As shown in Table 1 , of the 8813 total base pairs comprising the Vwf cDNA, 20 nucleotide differences (SNPs) were identified between these strains, 5 of which resulted in nonsynonymous amino acid substitutions. There is a significant clustering of SNPs at the 5Ј end of the transcript with only one amino acid difference (R2657Q) present within the mature protein. For comparison, we also analyzed these VWF amino acid sequences in both the published human sequence (GenBank accession no. NP_000543) and several other inbred mouse strains as shown in Table 2 .
To examine whether the apparent increased sequence identity downstream of ϩ1404 was limited to the exons, selected intronic sequences were also analyzed. Consistent with the cDNA pattern of sequence variation, all A/J and CASA/RkJ noncoding genomic sequences examined 5Ј of exon 13 contain several SNPs (77 sequence variants in Table 3 ). The latter identity also extends at least 500 bp beyond the terminal exon. Taken together, these data suggest a small region of sequence divergence flanking the single coding SNP at ϩ7970 (R2657Q) exists within an implied larger haplotype block of more than 86 kB. 21 
Nucleotides are numbered from the A of the ATG start codon and amino acids from the initiation methionine. 36 Amino acid changes (AA ⌬) are designated as A/J residue, amino acid number, CASA/RkJ residue.
-indicates that the observed nucleotide change did not alter the amino acid sequence.
3064
LEMMERHIRT et al BLOOD, 1 NOVEMBER 2006 ⅐ VOLUME 108, NUMBER 9
For
CASA/RkJ and A/J Vwf mRNAs are equally expressed in vivo
Initial visual assessment of sequencing chromatograms comparing gDNA and lung mRNA in an F1 animal did not suggest significant expression differences between the A/J and CASA/RkJ alleles ( Figure  5A ). PolyPhred analysis estimating the allelic expression by calculating the area under several SNP curves in the original sequencing chromatograms was consistent with equal allelic expression (data not shown). Quantitative primer extension analysis on gDNA and mRNA samples confirmed equivalent expression for each Vwf allele in an F1 animal ( Figure 5B ). Deviations from the gDNA allelic extension ratio averaged 10% or less. These data demonstrate that the Mvwf2 effect is not due to allelic differences in Vwf mRNA expression and implies a posttranscriptional mechanism, such as differences in VWF protein biosynthesis, secretion, or plasma clearance.
R2657Q substitution in CASA/RkJ VWF results in increased biosynthesis of recombinant VWF in COS-1 cells
To analyze allele-specific effects on VWF biosynthesis, we transfected COS-1 cells with strain-specific full-length recombinant A/J and CASA/RkJ Vwf cDNAs (no. 1 and no. 2; Figure 6A ). As shown in Figure 6B , conditioned media from cells transfected with CASA/RkJ Vwf contained VWF levels 1.43-fold higher than those transfected with A/J Vwf (P Ͻ .001), confirming our identification of Mvwf2 as a Vwf gene variant. This strain-specific difference in VWF production was also observed in HEK-293T cells transfected with the same constructs. In this cell line a 1.6-fold increase of VWF in conditioned media was observed in transfections using CASA/RkJ Vwf compared with A/J Vwf. These results demonstrate that this strain-specific difference in VWF protein expression is not limited to COS-1 cells and likely reflects a more general change in VWF biosynthesis efficiency not restricted to a specific cell type.
To determine which SNP or combination of SNPs among the 20 identified in Table 1 is responsible for the Mvwf2 effect, a panel of chimeric constructs was generated and analyzed ( Figure 6A ). The overall transfection results are summarized with regard to amino acid content in Figure 6C . Constructs containing the CASA/RkJ SNP at ϩ7970 (Q2657) averaged a 1.32-fold increase of VWF levels in the conditioned media when compared with constructs containing the A/J SNP (R2657) at the same position (P Ͻ .001).
No statistically significant difference was observed for any other single amino acid substitution or combination thereof.
CASA/RkJ and A/J represent distinct murine subspecies and extensive sequence variation (ϳ 1/200 bp) is expected between these 2 inbred lines. 22 Surprisingly, a large region of apparent sequence conservation (Ͼ 86 kB) flanks the causative nucleotide change (ϩ7970GϾA), dividing the Vwf locus into 2 distinct regions of high-sequence variation (5Ј end) and low-sequence variation (3Ј end) (Table 3; Figure 6A ). Similar shared haplotype blocks between CASA/RkJ and other inbred lines have been previously observed and are thought to have arisen from crosscontamination during the process of inbreeding. 22, 23 The observation that the CASA/RkJ sequence is unique among all other inbred strains examined (Table 2) suggests that the ϩ7970GϾA SNP may represent a recent gain-of-function mutation event in CASA/RkJ or a closely related ancestral strain. Indeed, the CASA/RkJ allelic sequence at ϩ7970 is consistent with a C to T transition at a CpG dinucleotide, a known hot spot for mutation in the mammalian genome. 24 As shown in Table 2 , similar to CASA/RkJ, human VWF shares the CASA/RkJ amino acid sequence at the orthologous position (Q2657). To exclude the possibility that apparently elevated levels of VWF in CASA/RkJ may have resulted from greater immunoreactivity with the polyclonal rabbit anti-human VWF antibody used in the ELISA assays, conditioned media samples were also assayed by Western blot analysis with an anti-Myc antibody directed against the Myc-tags engineered in both the CASA/RkJ and A/J For personal use only. on April 16, 2017 . by guest www.bloodjournal.org From recombinant constructs. Quantitative analysis revealed equivalent immunoreactivity with both the anti-human VWF and anti-Myc antibodies and was consistent with the VWF levels detected by ELISA for each construct.
Discussion
The laboratory mouse provides a powerful tool for dissecting the complex genetic factors contributing to a number of important phenotypes relevant to many human diseases, 25 including VWF and VWD. Previous use of this approach identified the first modifier of murine VWF levels as Mvwf1, corresponding to a regulatory mutation in the Galgt2 gene resulting in accelerated VWF clearance from plasma. 14 We have now extended this strategy to identify Mvwf2, an additional locus contributing to the regulation of plasma VWF level in the mouse. Mvwf2 results from a single amino acid substitution within the mature VWF monomer (R2657Q), leading to a subtle difference in the efficiency of VWF biosynthesis and/or secretion ( Figure 6C ). Similar linkage to VWF has been reported in humans, with as much as 20% of plasma VWF level variability potentially linked to promoter and/or intronic polymorphisms within the human VWF gene. 11, 26, 27 Although more than 150 common SNPs and VWD-associated amino acid substitutions in human VWF have been identified, 28, 29 none determined thus far are located at the orthologous position of the Mvwf2 murine mutation reported here (ϩ7970).
Comparative sequence analysis of the Mvwf2 substitution (R2657Q) in A/J, CASA/RkJ, and several other inbred strains (Table 2) suggests that R2657 is the ancestral residue and that the Q2657 allele arose in CASA/RkJ or a related founder strain, conferring a gain-of-function enhancement in VWF biosynthesis and elevated plasma VWF. This novel gain-of-function effect of the CASA/RkJ Q2657 mutation is in obvious contrast to the more typical loss of function associated with VWF gene mutations identified in patients with type 1 and type 3 VWD. This observation raises the possibility that the Vwf sequence may not be optimized for maximally efficient protein folding and/or secretion, and that similar gain-of-function mutations may contribute to the variation of plasma VWF levels in human populations.
Although the Mvwf2 R2657Q variant is the major genetic factor identified in our cross between A/J and CASA/RkJ, it only accounts for approximately 25% of the genetic variation in plasma VWF levels between these 2 strains. Thus, a considerable amount of variation remains to be explained. We did not identify additional loci with similar or greater effects, suggesting that the regulation of plasma VWF levels in the mouse may be a complex genetic trait resulting from the combination of many smaller effects. We cannot exclude the possibility, however, that one or more loci of comparable effects may have been missed because of our pooling strategy or gaps in our primary genome scan (Figure 4 ). Our previous characterization of Mvwf1, 14 together with recent studies in humans, 30, 31 suggests that accelerated VWF clearance from plasma could be an important mechanism for modifying plasma VWF levels. Although we did not directly examine the rate of VWF clearance in the A/J and CASA/RkJ strains, one or more additional unidentified genetic loci contributing to the differences in VWF levels between these 2 strains may operate at the level of plasma clearance.
Taken together with the high prevalence of VWD in humans 1 and the identification of VWD in a number of other mammalian species, 32 our identification of at least 2 natural genetic variants in inbred mice (Mvwf1 and Mvwf2) conferring significant changes in plasma VWF suggests that altered VWF levels may be advantageous under certain circumstances and subject to positive selection. Elevated VWF levels may ameliorate VWD-associated bleeding in some forms of human type 1 VWD, whereas the low VWF levels noted in pigs with VWD appear to be protective against experimental infective endocarditis. 33 Variants in plasminogen and fibrinogen have also been shown to markedly alter host susceptibility to bacterial infection, 34, 35 suggesting a critical role for hemostatic function in host defense against microbial pathogens. Genetic variants maintained in the population by infectious disease selection could contribute to the wide variation observed in plasma VWF levels in mice and humans. These same variants would also be expected to function as genetic modifiers of bleeding severity in VWD and potentially other hemorrhagic and thrombotic disorders. 
